This paper presents the results of experiments examining the performance of a telesurgeon and an assistant local to the patient performing simulated laparoscopic tasks under a variety of time-delay conditions. Of particular interest is a comparison between the surgeon provided with audio/video and force feedbck synchronously with various time delays, and the surgeon performing asynchronously, where video is delayed relative to force feedback. These conditions are relevant since current telecommunication systems have limited bandwidth, and video signals must be compressed for efficient transmission. This produces a time lag between the video camera and the surgeon's monitor, Force feedback and position commands from a surgical teleoperator require much lower bandwidth, and can be transmitted in near-real time.
INTRODUCTION
T H E PU RPO S E O F TH IS PRO JE CT was to evaluate telesurgery from a human factors engineering perspective. In particular, it focused on two interrelated problems.
The first problem is the cooperative manipulation between a local paramedic along side the patient and a physician at a remote location operating through a force-feedback master-slave telemanipulat or, who is viewing the procedure through closed circuit television. It is reasonable to assume that a paramedic or nurse can be with the patient and make some observations while manipulating tasks under instruction from the surgeon. Exactly which tasks the assistant can or should be trusted to perform is an open question. To examine a form of surgery where direct cooperation is necessary, laparoscopy was chosen as a representative surgical task, since a laparoscope and two other tools are often in use simultaneously.
The second problem is coping with communication time delay in both visual and force feedback. There are numerous situations where bandwidth is insufficient for both the simultaneous transmission of teleoperator control and force-feedback signals, as well as real-time video and audio signals. Video signals require, by far, the most bandwidth. In such a case, it is common to employ compression and decompression (CODEC) boards for transmission. Standard videoconferencing equipment over an integrated services digital network (ISND) and fractional T1 phone lines currently use this technology for videoconferencing purposes. The process of video CODEC imposes a time delay, and combined with the time delay imposed by the communication system, the total time delay adversely affects task completion in proposed telesurgical systems. Current videoconferencing equipment that uses ISDN lines requires approximately 300 ms for the video compression and subsequent decompression for one-way transmission. The transit time for signals sent over communication channels depends on the medium (e.g., ISDN, satellite) and the traffic over that medium. The typical round-trip delays within an ISDN system are approximately 600 ms.
1 Distance can also be a factor. For example, Mitsuishi et al.
2 reported a 1.4-s round trip delay in a teleoperator connection between Tokyo and Washington, D.C.
Our study sought to examine several questions:
1. What are the effects of different amounts of time delay if both visual and force feedback are synchronous? 2. How is performance affected under the different delays by having the assistant perform several of the required manipulation tasks? 3. Is there any performance advantage, or does that make matters worse if the delays are asynchronous, i.e., the force feedback is returned as soon as possible, not waiting for the requisite compression/decompression of the video?
EXPERIMENTAL CONTEXT
The experiments were performed in a laboratory setting with a laboratory teleoperator (telemanipulator) system, simulated surgical tasks, and a simulated patient.
Teleoperator System
The teleoperator (telemanipulator) system was based on a pair of prototype PHANToM SE (Sensable Technologies, Cambridge, MA) Haptic interfaces controlled through a 90 MHz Pentium PC. In order to make the working environment as realistic as possible, we modified laparoscopic tools currently used in the operating room. The tool handle was detached from the tip and attached to the master manipulator. The subject surgeon grasped a standard laparoscopic tool handle attached to the PAHNToM master arm, which measured the position of the surgeon's tool handle and provided force feedback in x, y and z directions. The tool handle also measured the position of the surgeon's grasp and the orientation of the tool's roll axis. The slave PHANToM was equipped with a motorized tool to which a laparoscope, hemostat or shears can be attached. 3 Because the PHANToM telemanipulator had only three translational degrees of freedom, a single rotational degree of freedom (around the tool axis) and the gripper/shear degrees of freedom were mechanized. The tool tip was modified to provide a roll axis along with gripper/shear motion for the slave manipulator. It is attached to the slave telemanipulator using the gimbal wrist end of the telemanipulator. The test surgeon operated these tool handles just as he/she would in normal laparoscopic surgery.
In our experimental setting ( Fig. 1) both the surgeon and assistant received video feedback from the laparoscope CCD camera on separate color video monitors. The surgeon operated a mouse pointer that was superimposed over the image from the surgical site (CCD laparoscope), which was used by the surgeon as a visual tool to direct the actions of the assistant. This video overlay was generated by a Silicon Graphics Indigo2 Extreme workstation using the Galileo video card. Audio communication with the remote assistant was provided through a pair of headphones with boom microphones and an audio amplifier.
The video images were recorded with a Video Hi-8 recorder and routed to the two video monitors and one VHS recorder through a Silicon Graphics Galileo video board.
Time delays in the audio and video signals were generated through the use of a Prime audio-visual (A/V) mainframe with two video delay boards and a two-channel audio typically used by television stations when synchronizing satellite transmissions. This device allowed delays of up to 2 s to be added between source and destination.
Holding control signals in a buffer for a certain amount of time generated time delays in the teleoperator system. Ordinarily, this would result in a highly unstable system. However, a control code which allows the system to provide stable force feedback despite significant time delays was developed by Hu et al. 4 and used in our experiments.
Simulated Surgical Tasks
A laparoscopy simulator was constructed, similar to a number of other training simulators, for these experiments. 5, 8, 9 It provided access ports for one laparoscope and up to three other laparoscopy tools. A surgical "task board" held the apparatus for each of the two experimental tasks, and could easily be swapped to change tasks or reset the apparatus to conduct the same task again. The experimental tasks are described further below.
Grasp-and-Transfer. This experiment evaluated the ability of the surgical team to control hemostats and to work together in transporting six paperclips, one at a time, from one small cup to another and back again. Clips had to be grasped by their ends. Performance times were defined as the time taken for (1) the surgeon to pick up a paper clip until the assistant put it down, or (2) the surgeon to indicate which clip to pick up to the assistant (via the mouse pointer) until it was placed in the second cup.
In this task, the surgeon controlled either the laparoscope or one of the hemostats, while the assistant controlled both hemostats, or the laparoscope and a hemostat, respectively. Recorded errors were improper grasp and dropping a clip. Recovery from errors required that the clip be properly grasped again.
Hemostasis (Blood-Vessel Clip and Cut). This task evaluated the use of the scope, a laparoscopic clip applicator, and shears by the surgical team. Using a model of a neurovascular bundle (nerve, artery and vein, which often travel together) consisting of tan, red and blue elastic bands, the team had to place a pair of surgical clips on one of the rubber bands and cut the same band between the clips. Task-completion time was measured by the time taken to correctly place the clip applicator (or teleoperated hemostat) completely around the appropriate vessel (excluding adjacent structures), place the clips on the vessel, and then to cut the redundant vessel with the shears. In this task, errors included mislocating the clip on the proper structure, catching some inappropriate structure in the clip, or cutting the wrong structure.
EXPERIMENTAL DESIGNS
Two sets of experiments were performed under different time delays and synchronizations of the modes of feedback.
The test surgeon throughout these experiments was an experienced emergency room physician and anesthesiologist. The assistants were six male MIT engineering students between the ages of 20 and 30. None had uncorrected vision impairments, hearing, or motor disabilities. None of the subjects had prior experience with the surgical tasks, except for brief training sessions. The same subjects were used in both sets of experiments, which were separated in time by almost one year.
In both sets of experiments, each subject was tested over the course of two-3 1/2 hr sessions on different days. In the first session, a test of each subject's ability was conducted (before training), followed by a test after a training session. Subsequently, the subject performed all of the direct manipulation tests, followed by the no-delay test. In the second session, the various time-delay tests were performed. The role assignments (who controlled what instrument) were randomized within the delay conditions. This procedure was essentially the same in both experiments 1 and 2.
The experiments were recorded on VHS tape, as described earlier. The first two authors later reviewed these tapes and recorded task completion times for each task and each individual with an analog stopwatch, to the nearest second. Errors were also observed from the videotape in combination with the audio record.
Experiment 1: Effect of Time Delay and Functional Role with Synchronized Feedback
Experiment 1 provided the surgeon with force feedback from the teleoperator, visual video feedback from the laparoscope, and audio feedback from the headphones, all of which were in synchrony. Four cases of time delay were considered: (1) direct participation of the surgeon; (2) teleoperation with no delay; (3) 0.6 s; and (4) 1.2 s, where the delay times included the time taken to send signals from the surgeon to the remote site and back again.
Experiment 2: Effect of Asynchrony
Experiment 2 compared synchronous with asynchronous feedback, and included both direct participation of the surgeon (no teleoperator) and five different teleoperated modes. In addition to the four synchronous cases from Experiment 1, there were two new (asynchronous) experimental conditions: teleoperation with (1) no controller delay and 0.6-s audio-visual loop delay and (2) 0.6/1.2-s control/audiovisual loop delays.
RESULTS

Experiment 1: Effect of Time Delay and Functional Role with Synchronized Feedback
As expected, the task completion times were longer with longer time delays. More interesting and challenging was the finding that, un-der delayed teleoperation, performance was better when the surgeon controlled the laparoscope and the assistant manipulated the surgical tools. This of course, raises a number of legal and ethical questions (see later discussion), which were beyond the scope of these experiments.
Grasp The number of errors committed by the surgeon in this task was not much different than that of the assistant.
Hemostasis Experiments. In the case of direct interaction, there was no statistical difference in performance time between the surgeon controlling the laparoscope and the surgeon controlling the shears. When the surgeon controlled the clip applicator, the time was shorter than when he controlled either the laparoscope or shears. As with the two previous tasks, completion time remained constant across all delay modes when the surgeon controlled the laparoscope. However, performance degraded rapidly when the surgeon controlled the clip applicator. A less severe increase occurred for the surgeon using the shears.
Of particular note is how the task differed under the various tool assignments. When the surgeon controlled the clip applicator/gripper, he had to place two clips with precision. When using the scissors, only one cut had to be made, and the positioning task was easier because any location between the clips was acceptable for cutting. Since the contribution was made very quickly in comparison with the time-delayed surgeon, the main reason for the difference between performance with clip applicator/gripper vs. shears is that twice as many difficult positioning subtasks had to be performed. Fewer errors were made when the surgeon controlled the shears, though he made more errors controlling the clip applicator.
Experiment 2. Effect of Asynchrony
The results of the individual tool-combinations for each experiment are presented in Figs. 2 to 5 (to be discussed later in the article). Further details may be found in Thompson's study.
In general, we found a slight improvement in task-completion time when the surgeon operated the laparoscope, and the task was performed with asynchronous (as compared to synchronous) video and telemanipulat or feedback signals. When the surgeon used any of the other tools, dramatic improvement in task completion time was observed when the signals were sent asynchronously, for both the 0.6-s and 1.2-s asynchronous audio-visual delays.
Grasp and Transfer Experiments. There were two physician/assistant tool combinations in this experiment. In the first scenario, the physician operated the scope through the teleoperator while the assistant operated the two hemostats. In the second scenario, the surgeon operated one of the hemostats while the assistant operated the laparoscope and the other hemostat. As in the first series of experiments, task-completion time was lowest (better performance) when the surgeon operated the laparoscope rather than operating one of the hemostats. This was the case in all six experiments in which we varied the time delays for both the video and telemanipulat or signals.
In this second set of experiments we investigated the effect of asynchronous video and telemanipulator signal transmission on task-completion time with various time delays. A significant improvement in task-completion time was observed with asynchronous (as compared to synchronous) signal transmission. The results for the experiments with no transmission time-delays are shown in Fig. 2 . The results for a time delay of 0.6 s are presented in Fig. 3 .
Hemostasis Experiments. There were three physician/assistant tool combinations for this experiment: a laparoscope, clipper/hemostat, and scissors. In the first scenario, the physician operated the scope through the teleoperator, while the assistant operated the clipper and the scissors. In the second scenario, the surgeon operated the clipper/hemostat while the assistant operated the laparoscope and the scissors. In the third scenario, the physician operated the scissors while the assistant operated the laparoscope and the clipper. As in our first series of experiments, task completion time was lowest (better performance) when the surgeon op- 
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Experiment erated the laparoscope rather than operating one of the other tools. This was the case in all six experiments in which we varied the time delays for both the video and telemanipulator signals.
In the hemostasis experiments, we also investigated the effect of asynchronous video and telemanipulator signal transmission on taskcompletion time with various time delays. The results, which are presented below for each time delay, also showed a significant improvement in task-completion time with asynchronous (as compared to synchronous) signal transmission, except when the physician operated the laparoscope. The results for the experiments with no transmission time delays are shown in Fig. 4 . The results for a transmission time delay of 0.6 s are presented in Fig. 5 .
DISCUSSION
In comparing the performance under time delay (as observed in Experiment 1) with earlier work, it was encouraging to see that they were consistent with the results obtained by Black and Ferrell. 1, 7 Not only did completion time increase with increasing delay, but the tasks requiring more precision (e.g., hemostasis clip application) took much longer to perform than less precise ones (e.g., grasp and transfer).
Looking at the interaction itself, there are a number of modes of cooperation between surgeon and assistant that were not tested in Experiment 1 or 2. One subject frequently suggested that he help the surgeon in grasping objects or in moving obstacles out of the way. He was restrained from doing so to make his results comparable with those of the other subjects, but such modes could be more useful than the arbitrarily limited ones in these experiments. Another mode that might be especially useful under time-delay conditions is the assistant guiding the surgeon's tool close to a target. The surgeon would then make the final fine motions and the clip-placem ent or cut. This mode suggested itself from the observation that a nontrivial amount of time was spent by the surgeon making gross motions towards the intended target.
In Experiment 2, there was essentially no difference in task performance between the synchronous and asynchronous feedback when the physician operated the laparoscope and the assistant operated the surgical tools. But, a significant improvement (31% to 60%) in taskcompleting time was observed when the physi- The latter result can be easily explained. Degradation in team performance resulting from the effects of time delay (controller instability) was reduced by several factors. First, because the laparoscopic-camera output is an entire field, the person controlling the laparoscope needed to be less sophisticated. Secondly, because the surgeon knew the contents of the surgical field, and what task sequence needed to be performed, he/she was more efficient in minimizing movements (stabilizing field of view) of the laparoscope. In essence, the control of the laparoscope was fairly passive as compared to the operation of the laparoscopic tools. The significant improvement in task-completion time (for asynchronous as contrasted to synchronous transmission) when the surgeon operated the laparoscopic tools can be explained by looking at the effect of time delay on stability of the telemanipulat or system. The main advantage with asynchronous transmission probably resulted from the increased stability of the telerobotic manipulator because of the decreased time delay seen by the controller. In the case of synchronous transmission (Fig.  2) , since the telemanipulato r signals were sent with the video signals, the controller had an additional delay due to the time it took to compress and then decompress the video signals. The controller had a smaller time-delay in the asynchronous mode, which made it more stable and easier for the physician to operate the tools.
The main disadvantage expected with asynchronous transmission was the operator's inability to receive the force feedback information at the same time he received the video input. The results of these experiments seem to suggest that the improvement in performance because of the stabler controller more than offset the degradation in performance due to the asynchronous force feedback and visual image seen by the physician.
Improvements to teleoperator systems are obviously necessary. Ours was relatively crude. Giving the surgeon full use of both hands is a highly desirable-objective. In addition, a two-handed system should have force feedback in all degrees of freedom, unlike the partial feedback system used in these experiments (the PHANToM is a 3-degree of freedom [DOF] teleoperator).
A salient issue (to the cost of time and errors) is the responsibility for the outcome of an operation. Would a surgeon reserve most of the manual tasks for him/herself when coping with a delay, or have faith in the assistant to accomplish a task when time delay would make it more difficult/costly for the surgeon to perform? Beyond cost considerations including time and errors, whenever delegation of tasks to an assistant is considered, less tangible-but no less important factors-such as public acceptance, insurance and liability, the Hippocratic oath and the surgeon's own sense of ethics must also be considered.
CONCLUSIONS
The completion-time data clearly show that the fastest performance under teleoperator conditions was achieved when the surgeon controlled laparoscope and directed the assistant to perform the grasping, clipping and cutting tasks. In nearly all cases, fewer errors were committed under the same conditions. Because of legal and ethical considerations, no recommendations are made here, but this finding does have implications for rethinking the role assignments of the remote surgeon and local assistant in telesurgery.
Sending the signals from a remote telesurgical setting asynchronously improves controller stability and task performance. This is an important finding that can be applied to any situation involving the cooperative actions of an expert operating a remote telemanipula tor system (that is, limited by bandwidth considerations) and a nonexpert operating some tools at the local site (where the telemanipulat or slave is working).
